Methods: Japanese white rabbits were anesthetized with propofol (n = 11), sevoflurane (n = 9), or the combination of sevoflurane and intralipid (n = 10). Global brain ischemia was induced by clamping the brachiocephalic, left common carotid, and left subclavian arteries for 15 minutes. Pial microcirculation was observed microscopically through closed cranial windows and measured using a digital-video analyzer. Measurements were recorded before clamping and afterward for 120 minutes.
Results: Plasma glucose and mean arterial blood pressure increased significantly during ischemia in the propofol-anesthetized rabbits. During ischemia, pial arteriolar and venular diameters decreased significantly in all groups. After unclamping, large and small, pial arteriolar and venular diameters increased temporarily and significant dilation was observed in both sevoflurane groups. From 10 minutes after unclamping until the end of the study, large and small arterioles returned to baseline diameters in the sevoflurane groups, but decreased significantly by 10% to 20% in the propofol rabbits. Ischemiainduced adverse effects such as pulmonary edema and acute brain swelling were observed primarily in propofol-anesthetized rabbits.
Conclusion: Propofol and sevoflurane acted differently on pial vessels during reperfusion after ischemic insult. Pial arterioles and venules did not dilate immediately after reperfusion, and subsequently constricted throughout the reperfusion period in propofol-anesthetized rabbits. In contrast, pial arterioles and venules dilated temporarily and returned to baseline in sevoflurane-anesthetized rabbits.
Key Words: brain ischemia, propofol, sevoflurane, rabbit (J Neurosurg Anesthesiol 2010;22:207-213) P atients with cerebrovascular disease may need to undergo surgeries known to cause temporal cerebral ischemia. For example, temporary arterial clipping during cerebral aneurysm surgery or carotid endarterectomy are each associated with localized cerebral ischemia. Propofol and sevoflurane are anesthetics commonly used for neurosurgery, and both drugs possess neuroprotective properties.
1,2 Anesthetic methods may influence cerebral arterial tone and cerebral blood flow. Propofol has no direct effect on cerebral pial vessels, 3 whereas sevoflurane dilates cerebral pial vessels. 4 The pial vascular response is quite different with propofol and sevoflurane. Therefore, we hypothesized that these agents could behave differently on cerebral pial vessels during ischemia and reperfusion. However, the pial vascular response to cerebral ischemia and reperfusion under propofol or sevoflurane anesthesia has not been tested.
Measurements of pial arterial diameter changes with cranial window are standard methods for assessing brain microcirculation, which can be used to assess the effects of vasoactive drugs on pial vessels. [5] [6] [7] [8] Pial arterioles are important because they reflect cerebral blood flow. 9 We thus compared the effects of propofol with sevoflurane on cerebral pial arteriolar and venular diameters during global brain ischemia and reperfusion using the cranial window technique in rabbits.
Initially, we examined the effects of propofol and sevoflurane on bispectral index (BIS) values in 6 Japanese white rabbits, and found that propofol 8 mg/kg IV followed by an infusion of 0.6 mg/kg/min induced BIS values of 60 to 70 (n = 3). We also found that 1 minimum alveolar concentration of sevoflurane (3.7%) 10 produced a BIS 55 to 65 (n = 3). Both propofol and sevoflurane produced highamplitude, low-frequency electroencephalographic patterns. For the studies described below, we thus used propofol at a dose of 8 mg/kg/min IV followed by an infusion of 0.6 mg/kg/min, and sevoflurane at an inhaled concentration of 3.7%.
We evaluated 30 rabbits weighing 3.2 to 3.8 kg that were randomly assigned to 1 of 3 anesthetic techniques: propofol (Propofol, n = 11), sevoflurane (Sevoflurane, n = 9), and the combination of sevoflurane and intralipid (soya bean oil 100 mg/mL, glycerol 22.5 mg/mL, and egg phosphatide 12 mg/mL) with disodium edetate 55 mg/mL, which is similar to the vehicle for propofol (SevofluraneIntralipid, n = 10). In the Propofol group, anesthesia was induced with propofol 8 mg/kg IV and was maintained with an infusion of 0.6 mg/kg/min. In the Sevoflurane group, anesthesia was induced, and the end-tidal concentration was adjusted to 3.7% (1 minimum alveolar concentration in rabbits). In the Sevoflurane-Intralipid group, anesthesia was induced and maintained with a sevoflurane end-tidal concentration of 3.7%, and intralipid was infused at a rate of 0.06 mL/kg/min. As propofol is 1%, the volume of infusion of intralipid was the same as that of propofol. A heating blanket maintained core body temperature at 39.0 ± 0.51C.
The rabbits were tracheostomized and their lungs mechanically ventilated with an oxygen-air mixture. Endtidal CO 2 (ETCO 2 ) was continuously monitored (Vamos, Dra¨ger Medical, Tokyo, Japan). On the basis of ETCO 2 measurements, the tidal volume and respiratory rate were adjusted to maintain arterial carbon dioxide tension (PaCO 2 ) between 35 and 45 mm Hg. A femoral-artery catheter allowed continuous monitoring of mean arterial blood pressure (MAP) and blood sampling. Bicarbonated Ringer solution (Bicarbon, Ajinomoto, Tokyo, Japan) was infused at 10 mL/kg/h.
The upper portion of the sternum was removed, exposing the aortic arch; the brachiocephalic, left common carotid, and left subclavian arteries were then isolated, and the rabbits were placed in the sphinx posture. A closed cranial window [5] [6] [7] [8] was constructed over the parietal cortex. With the scalp retracted, a 0.8-cm-diameter hole was drilled in the parietal bone. After the bipolar coagulation of dural vessels, the dura and arachnoid membranes were cut; a ring with thin glass was then positioned over the hole and secured with bone wax and dental acrylic. The space under the window was filled with artificial cerebrospinal fluid (aCSF), and 3 polyethylene catheters were inserted into the ring. One catheter was attached to a reservoir bottle containing aCSF that was bubbled with 5% CO 2 in air continuously. The aCSF was suffused at 0.1 mL/min. Other catheters served as an outlet for aCSF, and the third port measured pressure in the window. The level of the outlet was maintained approximately 5 to 6 cm above the window, thus the intracranial pressure was maintained at 5 to 6 cmH 2 O. The volume of fluid below the window was between 0.5 and 0.7 mL. The composition of aCSF was Na + 151 mEq/L, K + 3.5 mEq/L, Ca2
À 25 mEq/L, urea 40 mg/dL, and glucose 65 mg/dL.
To confirm pial arteriolar reactivity in each rabbit, the response to CO 2 was tested before the start of experimental protocol by altering the respiratory rate to increase or decrease the ETCO 2 by 10 mm Hg. We excluded rabbits with absent CO 2 response. However, pial arterioles in all rabbits responded to CO 2 with appropriate 5% to 10% diameter changes.
Global brain ischemia was produced by clamping the brachiocephalic artery, left common carotid artery, and left subclavian artery for 15 minutes. We used laser Doppler flowmetry to confirm the validity of this method. The laser Doppler flow probe (TA206-039, Unique Medical, Tokyo, Japan) that was connected to a laser Doppler monitor (ALF 21D, Advance, Tokyo, Japan) was placed on the dura over the parietal cortex through the bur hole in the parietal bone. Laser Doppler flowmetry indicated that cerebral blood flow decreased to 0 with this method.
Cerebral pial artery diameters were measured just before clamping (control); 10 minute after clamping; and 5, 10, 20, 40, 60, 80, 100, and 120 minutes of reperfusion. The diameters of 4 pial arterioles and 3 or 4 venules were observed microscopically (VH-5000, Keyence, Osaka, Japan) through each cranial window and measured using a digital video analyzer (VH Analyzer VH-H1A5, Keyence, Osaka, Japan). For recording purposes, blood vessels were categorized into 2 subgroups, based on their initial diameters: >70 mm (large) and r70 mm (small).
Calculations indicate that a sample size of 6 rabbits per group was sufficient to detect a 10% change in vessel diameter from the control values with a power of 0.8 and a<0.05. Within-group comparisons in MAP, HR, body temperature, arterial blood pH, PaCO 2 , PaO 2 , and plasma concentrations of Na + , K + , and glucose in each experimental group were carried out using a repeatedmeasures analysis of variance (ANOVA) and Dunnett post hoc testing.
Between-group comparisons in MAP, HR, body temperature, arterial blood pH, PaCO 2 , PaO 2 , and plasma concentrations of Na + , K + , and glucose in each experimental group were carried out with factorial ANOVA with Bonferroni corrections for multiple comparisons. Within-group comparisons of changes in the diameter of pial vessels were carried out using ANOVA for repeated measurements, followed by Dunnett post hoc testing. Between-group differences in percent change in diameter of pial vessels were analyzed with factorial ANOVA and Bonferroni corrections for post hoc comparisons. The incidence of adverse events was compared using w 2 test. Values are represented as means ± SDs; a P value <0.05 was considered statistically significant.
RESULTS
Five rabbits were excluded from the data analysis because they developed pulmonary edema and severe hypoxemia (2 in the Propofol group), or acute brain swelling (2 in the Propofol group and 1 in the Sevoflurane-Intralipid group). The incidence of adverse events did not differ among the groups (P = 0.075). The remaining 25 rabbits were thus included in the analysis: 7 assigned to Propofol, 9 assigned to Sevoflurane, and 9 assigned to Sevoflurane-Intralipid. Body weight of rabbits in the Propofol group was 3.5 ± 0.3 kg, 3.6 ± 0.2 kg in the Sevoflurane group, and 3.6 ± 0.3 kg in the Sevoflurane-Intralipid group.
As seen in Table 1 , arterial pH and base excess decreased after unclamping in all groups, although plasma glucose concentration increased in all groups (Table 1) . Plasma K + increased in both Sevoflurane groups compared with the Propofol group (Table 1) . During ischemia, plasma glucose was greater in the Propofol group than in both Sevoflurane groups. Control MAP was comparable among the groups. MAP increased during ischemia in the Propofol group but then decreased during reperfusion in all groups (Fig. 1A) . No significant changes were observed in the heart rates among the groups (Fig. 1B) .
Control diameters of large arterioles (Propofol group 101.7 ± 23.9 mm, Sevoflurane group 95.2 ± 17.7 mm, Sevoflurane-Intralipid group 97.0 ± 19.8 mm), small arterioles (Propofol group 52.0 ± 10.8 mm, Sevoflurane group 52.6 ± 7.9 mm, Sevoflurane-Intralipid group 49.4 ± 9.9 mm), large venules (Propofol group 93.4 ± 19.0 mm, Sevoflurane group 101.3 ± 33.5 mm, Sevoflurane-Intralipid group 97.7 ± 33.2 mm), and small venules (Propofol group 52.6 ± 8.5 mm, Sevoflurane group 47.3 ± 7.1 mm, Sevoflurane-Intralipid group 51.4 ± 9.9 mm) did not differ among the 3 groups.
During the ischemia, pial arteriolar ( Figs. 2A, B) and venular (Figs. 3A, B) diameters decreased significantly by about 20% in all groups. After unclamping, pial large and small arteriolar and venular diameters increased temporarily and peak pial arteriolar and venular dilation was observed at 10 minutes after the unclamping. Statistically significant dilation was observed in the Sevoflurane and Sevoflurane-Intralipid groups (Figs. 2A, B and 3A, B) . Then, pial arteriolar and venular diameters reduced until the end of the study period (Figs. 2A, B and 3A, B) . Significant large and small arteriolar constriction by 10% to 20% was detected after the reperfusion period only in the Propofol group (Figs. 2A, B) .
DISCUSSION
Global brain ischemia has been induced using a variety of methods. In gerbils, for example, it has been reported that bilateral carotid clamping reliably produces BS indicates blood sugar (plasma glucose concentration); Isch, 10 minutes after the clamping; R-10, 10 minutes after the unclamping; R-120, 120 minutes after the unclamping; R-60, 60 minutes after the unclamping.
brain ischemia. 9 However, this approach was unsuccessful in our initial study on rabbits. Iwama et al clamped the left subclavian artery and bicarotid trunk to produce global brain ischemia in rabbits. 11 As clamping a bicarotid trunk is difficult, we modified the method and instead clamped the brachiocephalic artery, the left common carotid artery, and the left subclavian artery, and used laser Doppler flowmetry to confirm that cerebral blood flow decreased to zero.
After 15 minutes of brain ischemia, pial arterioles and venules did not dilate immediately after reperfusion, and subsequently constricted throughout the reperfusion period in propofol-anesthetized rabbits. Propofol decreases cerebral blood flow, a reduction that is coupled with a decrease in cerebral metabolic rate, 12 even though it per se has no pial vascular effects. 3 Propofol-induced reduction of cerebral blood flow could be 1 possible cause for prevention of arteriolar dilation after ischemia. In contrast, significant temporal dilation of pial arterioles and venules was observed in sevoflurane-anesthetized rabbits. Furthermore, subsequent vasoconstriction did not occur thereafter. Sevoflurane dilates cerebral pial arterioles. 4 It is probable that vasodilatory property of sevoflurane involves the current results. FIGURE 1. Changes in mean arterial blood pressure (MAP) (A) and heart rate (HR) (B). Control MAP was comparable among the groups. In the Propofol group, MAP was significantly increased during the ischemia and was significantly decreased after reperfusion period. In the Sevoflurane and Sevoflurane-Intralipid groups, MAP was reduced during reperfusion period, but the changes were not statistically significant except at 10 minutes after unclamping in the Sevoflurane-Intralipid group. There were no differences in MAP during the ischemia-reperfusion period among the groups. In HR, there were no intragroup and intergroup differences among the groups. Control indicates just before ischemia; Ischemia, 10 minutes after clamping the 3 arteries. *P<0.05, versus Control.
One study reported that cerebral blood flow changed in parallel with pial arterial diameter changes. 9 We observed in this study that pial arterial diameter changes were 10-20% during and after ischemia. Whereas that might seem to be a small change, laminar fluid flow is proportional to the fourth power of the tube radius (Hagen-Poiseuille law). Thus, assuming a constant pressure gradient and fluid viscosity, a 10% increase in diameter augments blood flow 46%; similarly, a 10% reduction in diameter decreases flow 34%. The analogous change for a 20% reduction in diameter is a 59% decrease in blood flow. Thus, small change in vessel diameter may be of considerable physiologic consequence.
The clinical significance of postischemic hyperperfusion is controversial. 13 In contrast, vasodilation after brain ischemia may provide sufficient oxygen and glucose and may remove acidic metabolites from the ischemic brain tissue for preservation of normal neuronal function. 14 But in contrast, it is possible that long-lasting vasodilation after brain ischemia leads to brain edema and hemorrhagic infarction. Transient vasodilation after brain ischemia may not be harmful. Arteriolar diameter reduction may decrease capillary flow, and delayed hypoperfusion seems to contribute to development of cerebral edema. 15 We observed hemodynamic and plasma glucose stability in sevoflurane-anesthetized rabbits. Arterial clamping and unclamping produced increases and decreases in blood pressure that were particularly notable in propofol-anesthetized rabbits. Sevoflurane depresses FIGURE 2. Percent changes in diameter in large (A) (>70 mm) and small (B) (r70 mm) cerebral pial arterioles. After clamping the 3 arteries, pial arterioles were constricted in all groups. After unclamping, diameters of pial arterioles were temporarily increased (peak: 10 min after the unclamping) and then decreased. Significant constrictions were observed both large and small arterioles only in the Propofol group. Control indicates just before ischemia; Ischemia, 10 minutes after clamping the 3 arteries. *P<0.05, versus Control, wP<0.05, versus the Propofol group. cardiovascular activity, 16 whereas propofol has insignificant effects on cardiovascular systems. 17 A serious stress, such as brain ischemia, could cause nerve activation that could counteract a decrease in blood pressure caused by unclamping, and we observed that pulmonary edema could result from abrupt increases in blood pressure during arterial clamping. It is probably that avoiding ischemiainduced increases in blood pressure is preferable.
Pulmonary edema and acute brain swelling are ischemia-related adverse events, and in our study, 4 rabbits anesthetized with propofol developed pulmonary edema (2 rabbits) and acute brain swelling (2 rabbits). In contrast, adverse events did not occur in rabbits in the sevoflurane without Intralipid group. However, the number of the events was small and incidence was not statistically different. In addition, we did not measure cerebral blood flow or metabolism, and did not investigate histopathology. Further study should be necessary to clarify those involvements during ischemia-reperfusion period.
It is difficult to determine the propofol dose and inhaled sevoflurane concentrations that are physiologically similar. But based on our preliminary studies, we believe the doses of each drug to have been at least roughly comparable. However, the BIS during propofol anesthesia were slightly higher than that during sevoflurane anesthesia. This could affect the results.
In addition to groups anesthetized with propofol or sevoflurane, a third group received sevoflurane and intralipid with disodium edetate. Additives to propofol include soya bean oil 100 mg/mL, glycerol 22.5 mg/mL, egg phosphatide 12 mg/mL, and disodium edetate 55 mg/mL. Intralipid with disodium edetate 55 mg/mL consists of the similar concentrations of those constituents of the vehicle for propofol. Propofol group could be composed of propofol+vehicle (intralipid). The point of the Sevoflurane-Intralipid group FIGURE 3. Percent changes in diameter in large (A) (>70 mm) and small (B) (r70 mm) cerebral pial venules. After clamping the 3 arteries, diameters were significantly decreased in the Propofol and Sevoflurane groups. After unclamping, diameters were increased temporarily and then decreased. Control indicates just before ischemia; Ischemia, 10 minutes after clamping the 3 arteries. *P<0.05, versus Control, wP<0.05, versus the Propofol group.
was to determine the influence of vehicle for propofol. Changes of pial arteriolar diameter in the Sevoflurane-Intralipid group were similar to those in the Sevoflurane group. It is unlikely that vehicle for propofol affect pial arteriolar responses during ischemia-reperfusion period. Nevertheless, 1 rabbit in the Sevoflurane-Intralipid group developed acute brain swelling. We could not exclude the possibility that vehicle for propofol involved the occurrence of adverse effect caused by ischemia.
In summary, arteriolar diameters were reduced in all 3 groups during ischemia. Propofol and sevoflurane acted differently on cerebral pial vessels during reperfusion. In propofol-anesthetized rabbits, pial arterioles and venules did not dilate immediately after reperfusion, and subsequently constricted by 10% to 20% throughout the reperfusion period. Four of the 5 adverse effects (pulmonary edema and acute brain swelling) occurred in these rabbits. In sevoflurane-anesthetized rabbits, pial arteriolar and venular diameters increased temporarily, and returned to baseline diameters thereafter. In addition, blood pressure, heart rate, and plasma glucose were stable but 1 adverse effect occurred in these rabbits.
